Inspired by experimental observations of Pt(111) surfaces reconstruction at the Pt/graphene (Gr) interfaces with ordered vacancy networks in the outermost Pt layer, the mechanism of the surface reconstruction is investigated by van-der-Waals-corrected density functional theory in combination with particle-swarm optimization algorithm and ab initio atomistic thermodynamics. Our global structural search finds a more stable reconstructed (Rec) structure than that was reported before.
I. INTRODUCTION
The investigations of hybrid organic-metal interfaces are experiencing an explosive growth, [1] [2] [3] [4] especially for epitaxial growth of graphene (Gr) layers on metal surfaces. Extraordinary properties such as ambipolar electric field effect, quantization of conductivity, and ultra-high electron mobility of graphene are demonstrated, [5] [6] [7] which can be attributed to the unique electronic structure of graphene and its interaction with metal substrates. One of the practical needs is preparing graphene layers on metal surfaces with different thicknesses. [8] [9] Although there are many applications for these systems, mechanisms of graphene-metal bonding at their interfaces in the atomic detail are far from complete understanding. Different types of interactions coexist at graphene-metal interfaces, which include chemical bonding, van der Waals (vdW) interaction, Pauli repulsion, [10] [11] [12] [13] and the combination of them. For metal substrates whose lattice constants match with that of Gr, strong covalent interactions exist between Gr and metals, and the strong interaction usually destroy the Dirac cone of Gr. [14] [15] In the cases of Gr physically adsorbed on or ionically bonded with metal surfaces, the Dirac cone is preserved in the band structure and the energy position of the Dirac cone relative to Fermi energy can be tuned by charge transfer. [16] [17] [18] Surface reconstruction at the Gr/metal interfaces makes it a challenge to understand the Gr-metal contact mechanism. [19] [20] [21] Three questions remain to be answered: how is every atom arranged at the interface, can the reconstructed structure be energetically favored, and whether the metal surface reconstruction is induced by Gr adsorption or by its molecular precursors? Fullerene C 60 , a molecular precursor for epitaxial growth of Gr layers, is a typical organic molecule that can reconstruct metal surfaces. [22] [23] Although the interactions between graphene-metal surfaces are less strong than that between C 60 -metal, epitaxial growth of graphene induced Pt(111) and Cu(100) surfaces reconstruction were observed. [19] [20] 24 However, the studies of the mechanisms of surface reconstruction at Gr/metal interfaces, the global minimum atomic structures at the reconstructed interfaces, and effects of reconstruction on graphene electronic properties are lacking.
In the current work, the mechanism of epitaxial growth of graphene induced Pt(111) surface reconstruction was probed. With the help of particle-swarm optimization algorithm, we found a reconstructed adsorption structure more stable than that proposed before. 19 Then we analyzed the mechanism of reconstruction through energetic considerations, structural analysis, and thermodynamics calculations. Finally, the effects of reconstruction on the electronic structure of the adsorbed graphene were presented.
II. THEORETICAL METHODS
The Pt(111)-( √3 × √3 )R30°/Gr-(2x2) commensurate structures with reconstruction were searched by using particle swarm optimization methodology as implemented in the CALYPSO code. [25] [26] CALYPSO has made successful predictions for surface reconstructions. [27] [28] The automatic surface-structure-searching method employed structures swarm intelligence. 28 The fixed bulk region contained three layers to reserve the bulk nature of the substrate; one layer of the outermost Pt atoms and eight carbon atoms were subjected to structure swarm evolution. Once the initial structures were generated, their geometries were optimized by DFT and their total energies were obtained. The structures then evolved towards lower-energy structures, locally and globally, through self-and swarm-structure learning. 28 In this way, global minimum was achieved finally.
DFT calculations with the van der Waals density functional (vdW-DF) [29] [30] were employed in the structural optimization and electronic structure calculations. The Vienna ab initio simulation package (VASP) [31] [32] was used with Projector Augmented Wave (PAW) potentials. 33 We considered the influence of vdW interactions by using the optB86b-vdW-DF, 34 which offered a good performance when compared to experiments for both chemisorption and physisorption. 11 A kinetic energy cutoff of 500 eV was used. The surface Brillouin zone was sampled with Monkhorst-Pack k-meshes of 24
×24 for the Gr-(2x2)/Pt(111)-(√3×√3)R30° surface cell. [35] [36] The surface slab contained seven Pt layers.
We adopted ab initio atomistic thermodynamics [37] [38] to compare the relative stability between adsorption structures with and without surface reconstruction. The adsorption Gibbs free energies of graphene adsorbed on Unrec (abbreviation of unreconstructed) and Rec (reconstructed) Pt (111) surfaces, Gr/Pt(Unrec) ads and Gr/Pt(Rec) ads are given as the following, respectively:
Gr/Pt(Rec) ads ( , , Pt ′ , Gr ) = Gr/Pt(Rec) ( , ) − Pt(Rec) ( , ) − Gr ( , ).
Here Gr/Pt(Unrec) , Pt(Unrec) , and Gr are the adsorption Gibbs free energies of Unrec Gr/Pt system, pure Unrec Pt surface, and free standing graphene, respectively. Similarly definitions are used for the Rec case. The difference of adsorption Gibbs free energies between Rec and Unrec structures, ∆G ads is calculated by the subtraction of these above two free energies:
The vacancy formation Gibbs free energy due to the missing of surface Pt atoms, ∆ vac is given as:
The chemical potential of the missing Pt atom Pt is given by:
where Pt bulk is the total energy of a Pt atom in bulk phase, and for this we use our DFT result; and
is the standard chemical potential including all entropy contributions. For simplicity, the ̃P t ( , 0 ) values from the JANAF thermodynamic tables are used. [39] [40] By adding ∆G ads and ∆ vac , the variation of the free energy between Rec and Unrec can be obtained:
The Gibbs free energy can be described as
The total energy E tot plays the major role in Gibbs free energy and can be achieved from DFT calculations, F vib accounts for the vibrational contribution, S conf is the configurational entropy. The differential Gibbs free energy in eq. (3) can be replaced by DFT calculated total energies, which is discussed in Refs..
39, 41

III. RESULTS AND DISCUSSIONS
A. Structural search
Since the adsorption energy increase of the Rec structure as proposed in Ref. 19 relative to the Unrec one cannot offset the Pt(111) surface vacancy formation energy of 1.18eV, CALYPSO method was used to find the most stable reconstructed structure. The unreconstructed structure was also searched by CALYPSO. The most stable unreconstructed (Unrec) and reconstructed (Rec1) structures are shown in Figure 1 Reference. 19 Our calculated results with local density approximation (LDA) for adsorption energies of Unrec and Rec2 are -0.33 and -0.74eV, resp., which are consistent with those in Refs. 19, 36 (See Table 1 ). 47 In view of the above types of precursors, the adsorption of hydrogenated graphene (H-Gr), ethylene, and benzene (a simplification of planar C 60 H 30 ) were considered. In the following, we use H-Gr adsorption as an example to clarify our point that the carbon structures with (partial) hydrogens make Pt surface reconstruction easier than that in pure Gr adsorption (see Figure 2 and Table 2 ).
Ethylene and benzene adsorptions show the same trend (Table 2 and Figure 3 ). In the adsorption structures of Gr/Pt(111), the nearest Pt-C distance changes from 3. Table 2 . The difference in adsorption energy between Unrec and Rec H-Gr/Pt(111) is 1.09eV; compared to the 0.2eV difference for that in Gr/Pt(111), the difference in adsorption energy of 1.09eV brought by H-Gr is much larger and closer to the vacancy formation energy of 1.18eV. Hence reconstruction is more likely to occur in H-Gr/Pt(111) system than in Gr/Pt(111), or more general, reconstruction is more likely to occur for carbon structures with H.
Similarly, we considered the effects of ethylene and benzene adsorption on Pt (111) surface reconstruction. In all cases, partial sp 3 hybridization also appeared for the adsorbed molecules with H.
In Unrec and Rec structures of C 2 H 4 /Pt(111), the Pt-C bond lengths are 2.17Å and 2.13 Å, respectively ( Table 2 ). The difference of adsorption energy corresponding to C 2 H 4 /Pt(111) is 0.69eV.
In benzene/Pt(111) Unrec structure, two types of bonds are formed with four bonds length of 2.21Å
and two 2.16 Å, while in Rec structure the bond length is 2.14 Å between benzene six carbons and the six Pt surface atoms surrounding the vacancy. The difference of adsorption energy for benzene/Pt(111) is 1.02eV. So, both C 2 H 4 /Pt(111) and benzene/Pt(111) have the same trend in adsorption energy increase as that in H-Gr/Pt(111), and all the three cases for carbon structures with H make the Pt surface reconstruction easier than that in Gr/Pt(111).
For C 60 molecules as precursors, the surface reconstruction can occur when C 60 adsorption (namely before decomposition of C 60 ). Compared to Pt-graphene interaction, the interaction of Pt-C 60 is stronger: the adsorption height and Pt-C 60 bond length are 1.7 Å and 2.1 Å, respectively; 42 while in Gr/Pt(111) the height and bond length are both 2.3 Å. The origin for this difference in bonding strength is due to the partial sp 3 hybridization formed between C 60 and Pt surface. The similar partial sp 3 -like bonding exists in the interaction between Pt surface and H-graphene, ethylene, or benzene.
In all cases for molecular precursors of C 60 or of carbon structures with H, the enhanced Pt-C chemical bonds effectively promote the occurrence of Pt surface reconstruction. The formulas for calculating ∆ are detailed in the Method Section. Reconstruction can be lower in free energy when ∆ < 0. Except for C 60 , for all systems considered in Figure 3 , ∆ are all larger than zero for the Pt chemical potential at zero, namely for the DFT total energy of bulk Pt as a reference. However, H-Gr, ethylene, and benzene adsorption make it easier to reconstruct the Pt (111) surface relative to that of Gr adsorption. And C 60 adsorption makes the Pt surface reconstruction most easily.
B. Atomistic thermodynamics
In H-Gr/Pt model, the ∆ vac and ∆ ads are 1.18 eV and 1.09 eV respectively, the 0.09 eV energy difference can be overcame at below room temperature ( Figure 3) . We labeled the temperature at ∆ = 0 for each model system in Figure 3 The differential charge density plots of Unrec and Rec1 structures are shown in Figure 4 .
According to the differential charge distribution, electrons accumulate at Pt surface and deplete around graphene. In Unrec structure, accumulation and depletion of electrons are less significant, which indicates physical adsorption plays the dominant role. In Rec1 structure, electrons accumulate at the middle between graphene and Pt(111), which indicates the formation of covalent bonds between graphene and Pt surface.
The Bader charge 48 of these two systems were calculated, the results are coincided with the electron transfer from graphene to Pt surface. 36 For graphene adsorption on the reconstructed Pt surface, dramatic change is occurred on the projected-bands of graphene. The destruction of Dirac cone indicates that there is strong chemical bonding between reconstructed Pt surface and graphene, which agrees with the PDOS and differential charge plots. This character is similar to Gr on Ni (111) and Co(0001) surfaces, whose lattices match the Gr lattice well. 36 Reconstruction makes the Pt-C bonding strong and makes the Pt(111) surface act as the lattice matched metals of Ni(111) and Co(0001).
IV. CONCLUSIONS
To summarize, firstly, a more stable reconstructed surface structure at the Gr/Pt(111) interface was found in our current work. Based on the considerations of vacancy formation energy, the reconstruction is hard to happen for Gr adsorption. As the solution, we considered C 60 and hydrogen-containing precursors. For hydrogen-containing carbon structures, we considered C 2 H 4 , benzene, and H-Gr. We showed that C 2 H 4 , benzene, and H-Gr facilitated the reconstruction of Pt (111) surface as well as C 60 , and so reconstruction may happen at the early stages of graphene formation.
Further, through atomistic thermodynamics analyses, we described that platinum surface reconstruction could be realized at different annealing temperatures for different molecular precursors. The mechanism of molecular precursor adsorption induced surface reconstruction at the Gr/Pt(111) interface could be applied to epitaxial growth of the graphene on other metal surfaces, e.g.
on Cu(100). The electronic structure of graphene changed a lot when adsorbed on the reconstructed Pt(111) surface. Electrons were accumulated in between Pt surface and graphene in the Rec structure due to the formation of covalent bonds between Pt-C. In the Unrec structure The Dirac point of Gr is retained and shifted upwards due to electron transference; while it was destroyed in the Rec structure.
Physical and chemical Gr-Pt interactions are in the Unrec and Rec structures, respectively.
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